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ABSTRACT

This study deals with structural pip nc respunse to dynamic
loads generated by hyc: aulic transients in nuclear power plants.
Transients were induced by means of a rupture disc and closure of a
feedwater check valve at the Heissdampfreaktor, West Germany. Blind
predictions of rning response wvere made using the computer code
EASE2. Comparisurs beiween computer simulations and experimental

observations are contained in the report.
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PREFACE
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by the NRC and the Miniziry of the Interior (BMI) of the Federal Republic of
Germany . This report is one of a series ~f studies conducted by ANCO
Engineers as part of the Heissdampfreaktor safety research program. Primary
respronsibility at ANCO for the work reported herein rests with Mr. William
B. Walton, Dr. George H. Howard, azd Mr. Blake Johmnson. The authors
gratefully acknowledge the support provided by Dr. W. Winkler and Dr. T.
Grillenberger of Gesellschaft fur Reaktorsiecherheit, Garshing, as =-.1 as

Dr. L. Malcher and Dr. Yzc¢zenueier of Kernforschungszentrum Karlsrube.
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1.0 INTRODUCTION

At the request of the Ministry of the Interior (BMI) Fede.s: Repubi.:
of Germany, the Society for Reactor Safety (GRS) formulats® <. wsiicuse
/»aling with, among other things, t% formulation =2na esecution of a
£ieat ‘ard Problem in the ares of pressure wave pirpagstiios in nuclear power
plant piping systew. . 7li s::ely, German Standard Problem No. 4 (DSP4) was
defined and funded. The aim of this problem was to study the closing
behavior of a feedwater check valve and the fluid dynamics in its respective
pipeline as a result of a simualted break in the pipeline and ensuing rapid
closure of the check valve. The tests were to be performed at the

Heissdampfreaktor (EDR) using the URL pipe system.

In comnection with this study an additional German Standard Problem
(4a) was _efined. This study wat tc be a part of the same tests performed
for problem 4. The emphasis here would be the determination of the
structural dynamic behavi:r ¢ .he pipe system (measurement and calcualtion
of pipe displacements, accelerations, strains/stresses) when subjecte: to

fluid forces from the problem 4 event.

As a part of German Standard Problem 4a (DSP4a), ten (10) engineering
firms performed "blind" <alculations to predict the structural dynamic
response of the URL piping system to problem 4 fluid forces. The results of
these calcuiations were sent via magnetic tepe to GRS pricr to distribution
by GRS of the embargoed experimental resulte. Chapter 6 of this report
presents a very brief c,wys son of AsJO's predictions to the subsequertly
released data. ANCO Engineers, Inc. was one of those firms and the sole
wgerican participant. This repox: documents the te+ks performed in

predicting the URL response.
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2.0 DESCRIPTION OF GERMAN STANDARD PROBLEM 4a (DSP4a)

DSP4 was an experimental and theoretical simulation of an assumed break
in a feedwater line for a nuclear power plant. The simulation was performed
usiag a l2xg (r-rtion) of the modified recirculating loop of the
Heissdampfreaktor (HDR) at Kahl, West Germany (see Figure 2.1). The pipe
system was modified by rebuildiug a portion of the external forced
circulation loop. This imvolved installing -irculation pump Z 199 (Iiem 7

in Figure 2.1).

ihe test involved circulating compressed water* through a portiom of
the pipe system. The circulation started from the S-support 3 (see Figure
2.1) ané travelled to a spherical piece 12, and on through locations 6, 7,
5, 11, 10, 4, 9, and back to the reactor vessel 2. Once steady-s:ate fluid
condi:.ons were achieved, the break in the feedwater line was simulated.
This involved: (1) circulation pump shut off; (2) fracture of the rupture
disc (8 im Figure 2.1, simulated assumed break); (3) closing of rapid
shutoff valve 5; and (4) eventual closure of the check-valve 4. At
check-valve closure, pressure waves were generated which propogated through

the syster.

The pressure waves generated during the test were of such amplitude
that a high /tress state in the pipe material resulted (high relative to the
yield stress of the material). For this reason .t was of importance to
understand the structural dyv-.amic behavior of the pipe system during the
fluid dynamic event. This is where DSP4. ties in with DSP4. Fc. DSP“s, the
structural dynamic behavior of the URL test pipe line was to be theoie: i-

cally det.rmined; applied structural loading vas to be determined from the

*Note: The state of the water in the test line during the circulation phase
was 70 bar (1P'S psi), 220°C “%28°F), and 4 m/sec (13.1 ft/sec;
in opposite direction to blowdow. flow direction).



FIGURE 2.1: MODIFIED PRIMARY COOLANT LOOP A7 HDR
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FIGURE 2.2: Portion of URL System Used for Structural
Dynamic Simulation.
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TABLE 2.1
DIMENSIONS AND MATERIAL DESIGNATIONS FOR PIPE SECTIONS

Nsd ] Teilstiick Werkstoff |Nenrweite | Innendurch-| mittlere X) | Teilstiick-
messer Wanddicke lange
[ 7 [wm ] [ m ]
1 |ROB-Wand 23N1IMoCr36 - - 142 142
2 !T-Stutzen 23NiMcCr36| NW 350 351,2 104,4/27,6 375
3 |120°-Boyen Nr. 4550 W 350 360 25,0 1120
4 |Rohrstick mit |Nr. 4550 NW 350 360 19,3 2508
30°*-Biegung
5 |60°*~Bogen Nr. 4550 NW 350 360 25,0 560
6 |Rohrstiick Nr. 455 NW 350 360 13,3 1494
7 90°-Bogen Nr. 4550 NW 350 360 25,0 840
8 !Rohrstiick Nr. 4550 NW 350 360 19,3 630
9 |Probenstiick WB 35 iW 350 n 14,0 1000
10 | Rohrstiick Nr. 4550 NW 350 360 19,3 2925
11 iUbergangsstudc 15Ma3 N4 350 360 19,3/25,0 100
12 | 90°-Bogen 15M03 NW 350 | 356,4 25,0 957
13 | Rohrstiick 15Ma3 Nw 350 371.,4 1.5 510
14 |eSring I 15403 - 371.,4 - 480
15 |SRV 330 GS C25 NN 350 - - 1250
16 ;Meering 1I 15Ma3 - 371.4 - S00
17 | Rohrstiick 15Mo3 W 350 371.4 17,5 260
13 |61°-Bogen 15M03 NN 350 356,4 25,0 643
19 iT—Sdid( 15Mad MW4s0/350 | 428/371,4 40,0/17,5 1300
20 |Stutzen 15M03 N9 450 453 61,0 520
21 |[Mefiring III m. | 15Mc3 NW 450 453 27,5/93,5 740
Bruchstutzen
22 |Berstscheiben MW 450 453 - 250
J. Mindungsrohr |
i
| 19109
!

x) Die mittlere 'landdicke wuri: aus den Angaben der Rohrleitungszeichnungen
entnammen und weicht erheblich von den an einzeinen Stellen durchgeflihrten
MPA-Messngen ab (s.2he Anlage 12).
Die heim Probenstiick (1fd. Nr. 9] angegebenen MaBe sind Istmafe.

Note:
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2201
cevd
2203
2204
2205
2206

4004
4003
4006
4000
4002
4003

1010
2019
2212
3010
4110

5010

mon
20Mm
2211
MM
41

s0M

1012
2012
2212
3012
4112

5012

1013
201+
2213
3013
4113

5013

1014
2014
2214
3014
4114

5014

DESIRED STRUCTURAL RESPONSE QUANTITIES

z2u ermitteinde Grole

weg in y-Richtung
weg in x=Richtung
weg in Z-Richtung
Weg in y-Richtung
weg ' 2-Richtung
weg '~ « Nichtung

weg in z-Richtung
weg in x-Richtung
weg in y-Richtung

Seschieunigung in x-Richtung
S:schleunigung in y-Richtung
Heschleunigung in z2-Richtung

Zugspannung
Biegespannung

Winkel der Biegeachse
Torsionsspannung
Tangentialspannung durch
Innendruck
Vergleichsspannung

Zugspannung
Biegespannung

Winkel der Biegeachse
Tersionsspannung
Tangentiaispannung durch
innendruck
Vergleichsspar.nung

Zugspannuig
Biegespannung

Winke! der Biegeachs.
Torsionsspannung
Tangentialspannung durch
Innendruck
Vergleichsspannung

Zugspanrr.ung
Biegespannung

Winkel der Biegeachse
Torsionsspannung

Tang=i . tialspannung duv. =0
innengruck
Vergleichispannung

Zugspannung
Biegespannung

Wink:' der Biegeachse
Torsicnsspannung
Tangrintialspannung durch
Innenuruck
Vergleichsspannung
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3.0 STRUCTURAL MODEL OF THE URL PIP” SYSTEM

To simulate the dynamic behavior of the URL pipe s"~ucture for DSPlda, a
linear finite element model was constructed.® A plot representing the model
is shown in Fizure 3.1. The model includes the section of the pipe from the
reactor vessel wall to the T-piece. Fixed points (all degrees of freedom
deleted) were assumed at each end of the pipe. The model was defined using
30 nodes (end nodes fixed; ‘(3 degrees of [reedom) and 27 finite elements
(straight and curved pipe elements). Appendix . contains a partial listing
of the EASE2 input data deck which defines the finite element model.

Various coordinate systems were defined. The global coordinate system
(the reference system for mass and st fness matrix assembly) is given by X,
Y, Z (see Figure 3.1). Liz2l coordinate :yst:ms were A~fined for output of
displacement and acceleration simulation results in accordance with DSPda
definition (specified by the Society for Reactor Safety; T. Grillanlerger);
they are shown in Figure 3.2 and are represented by x, y, Zz.

A flexibility factor kp is used in EASE2 to modify the bending terms
in the flexibility matrix for the curved pipe element. The flexibility
matrix for the curved pipe element is derived totally from curved beam
theory. This overestimates the stiffness (as compared to ex;>rimental

data). Te correct for this, the flexibility factor k., is used. It is

P
given by:

4/3,
&, - 1.05/h)/[1 + (6p/ER)(R/E) ] 21

#Note: The :;;buter code EASE2 (Elastic Analysis for Structural Engi-
neering) was used. This code is accessible through the CDC
Cybernet Network Worldwide.
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TABLF 3.1

VATURAL FREQUENCIES
FOR HDR/URL BLOWDOWN MODEL

Mode # Eigenfrequency (Hz)
1 5.46
2 8.54
5 9.43
4 <6.18
5 30.55
6 39.71
7 45,57
8 50.54
9 64.23

10 76.22
3-5
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4.0 FRESSURE WAVE FORCES ON THE URL PIPE

JSP4a involves accurately simulating the structural dyvamic respocnse of
the modified URL system when excited by the DSP4 blowdown fluid forces.
This type of simulaticn deals with fluid-structure interactiom (the response

of a structure due to tramsient fluid events).

There are two genmeral approaches to the fluid-structure nroll!=s. One
»avelves the difinition and solution of & coupled problem. For this
approach, the equations representing the fluid and structure behavior are
coupled to each othe-. In order to sclve for the response of either the
fluid or structure, the response of both must be found siwmultaneously. The
Other approach involves determining an uncoupled solution. This involves
solving for or determining experimentally the fluid response, independently
of the structural response. The fluid response is then input into the
stiuctural problem, and the uncoupled structural respouse is determined,
The latter of these two approaches was used for DSP4a. This is because the
fluid response, determined as a part of DSP4, is to be used as input to
DSP4s. The fluid response (i.e., pressure) is to be used to determine the
fluid forces on the URL pipe. These forces will be used in determining the

structural response.

Given the transient “luid response of a system, there are at le¢.st two
possible basic approaches for determining the rluid forces (uncoupled fluid-
structural problem) on a pipe system. One approach could be called the
"equivalent concentrated forces method." Basically it says, given a
continuous fluid stress distribution in a pipe (at the pipe fluid
interface), it is possible to determine equivalent concentrated loads at the
node poiats used to define the structural model. This is done, in part, by

applying the following equation:



P = [ aTQdS
eq s

where Peq is thk: equivalent end luad vector for a pipe element, al is
the transpose of the matrix a, where a gives the relationship, for a
discrete structural element (i.e., finite element), between the spsfially
continuous interior displacements and the discrete element displacemenis 'al
the node points), ¢ ‘s the matrix of distributed surface stresses (distributed
field of fluid st-ess), and dS refers to the integratior being carried out
over the applicable surface (s). This expression is conly for a single
element. A l’,q would have to ve determined for each element. Then, a
global Peq would need to be determined for the entire struciure. This is
an excellent approach, provided the distributed loading can be determined
for .ue entire structure. This may be possible for the DSP4a, but would de
very difficult, if at all possible, As this is a wave propagation problem,
it greatly comjlicates tihe determination of a continuous uvressure
distribution. Becz:se of this, it was decided to use a second apprc::h to
solving the uncoupisi problem.

Another »” the basic uncoupled fluid-structure apprciches involves the
use of the linear momentum equation from fluid mechanics (control volume
formulation):

T+ 117 Blpaw) = 1 TV(V-dB) + 32 111 Vipdv)
c.v. c.5. .

where fs is the total surface force on the control surface (C.S.).—B' is the
body force distribution, V is the fluid velocity, dA i3 a differential area
normal to the C.S. and 0 is the fluid density.
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To apply this equation, the space occupied by the fluid in the pipe was
subdivided into control volumes (the union of the ~ontrol volumes is cgual
to the total space in the pipe). There are an infinite number of ways to
subdivide the space. Various methods for doing this have been devised.

The control volumes for this problem obviously had to be contained in
straZzht, curved, and combinations of straight and curved lengths of pipe
(see Figure 4.1). Oue constraint on the selection of vclumes was that the
pressure had to be known at each of its two ends. (As will be discussed
later, this was not necessary for straight volumes.) This is necessary for
evaluating the surface force F,.

The question arises as to how large the control volumes can be (or to
how swmall they should be). For each control volume, there is eussentially
one resultant force. If there are only a few control velumes, there will
only be a few forces representing the spatially continuous load distribution
on the pipe. The smaller the control volumes the more closely their
combined loading resembles the continuous loading.

In choosing the size of a control volume it is important to consider
the degree to which the center of pressure of its respective fluid changes
location during the fluid dynamic event, The control volume resultant force
should be applied at the center of pressure, This can be done by having a
fine mesh for the discrete structural model, especially for such elements as
curved pipes (locations where some of the largest resultant forces are
generated). During the structural simulation the resultant force can be
moved from node to node. Even though these calculations can be performed
with enough data, they are very involved (i.e., the center of pressure must
be calculated at each solution step). This, coupled together with the fact
that only a relatively limited amount of DSP4 data is available, the
resultant contrcl volume force, for DSP4a, was not applied 2. the center of
pressure, but approximately at the geometric center of the contrnl volume.
If the control volumes are chosen to be . -o large there will possibly be
considerable error in the force application point locations.






(—_—_____—__—_____________—______————_"__——___—________————____———_—-__________________—_______——‘

On the basis of the above discussion, the URL blowdown model (DSPl4a)
was broken up into six (6) cuntrol volumes (see Figure 4.2). As can be
seen, four of the volumes are made up of a combination of »3traight and
curved sections. Two of the volumes are straight. The point of application
of the resu.iant force for a given control volume is represented by the
designator LP (load point). No load point is defined for volume six (6).
This volume is straight with the only forces it can ex:rt on its section
of pipe being frictional. For a DSP4 type of event, the frictional fluid
forces are negligible.

In determining the control volume forces on the pipe, it is necessary
to ev.iuate the momentum efflux rate, rate of change of control volume
momentum, and body force integrals for each control volume, The two
momentum integ:;als are depandent on mass flow rates. The major events that
take place during the DSP4 test that might effect the mass flow rate are:
(1) the circulation pump giv2s a constant flow rate of compressed liquid of
approximately 1600 m3/hour ' 15.7 ft /sec); (2) the pump is shu* off at the
beginning cf the test, resulting in essentially zero flow rate; (3) fracture
of the rupture disc, resulting in flashing of the compressed liquid at tre
disc; (4) closing of the rapid shuc-off valve immediately after -uputure
disc fracture (this insures isolation of the sec-nd section of pipe); and
(5) closing of the check-valve SRV350, resulting in zero moss flow rate
between the fitting and reactor vessel (after closure). The flashing will
give rise to large steam and small to moderate compressed liquid velocities.
This will generate some force on the pipe, but is not the major forcing
generated during the entire event. The major forcing is gene:;ated during
check-valve closure., For this phase of the forcing, the compressed liquid
flow rate is initially at a smill to moderate level. As the event
progresses, the flow rate will d‘minish, eventually, to zero. Figure 4.3
gives a hypothetical example of this. With the portion of the DSP4 event
that gives rise to the largest forcing, seeing only from moderate to zero
net flow rat«s, a reasonable assumption for calculating peak forces on the
URL pipe may be that the fluid flow terms in the momentum equation can be
neglected. Also, it is reasonable to assume that the body frorce
distribution will not materially affect the flow.
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FIGURE 4.2. Control Volumes Used for NSP4a.

4-6



Hypothetical Flow Rate Upstream of SRV350

\ Time
Sequence
of Events

1
2
3
4
5

FIGURE 4.3: Hypothetical Example of A DSP4 Event.
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Description
Circulation pump shut off
Fracture of bursting disc
Closing of rapid shutoff valve
SRV350 begins to close
Closure of SRV350



Using these assumptions, the momentum equation (control volume
Jormulation) reduces tc F, = 0 (the sum of the external surface forces
equals zero). This equation is applied to an arbitrarily shaped control
volume (for a piping system) as shown in Figure 4.4, The only forces of
concern are the pressure forces (forces on the control volume from the
ad jacent fluid) and the force of the pipe on the volume. It is seen that
the resultant force of a control volume (:sing the above assumptions) on its
corresponding secticn of pipe is given by:

Fp = Pl - pAd,

This equation is applied to each of the control volumes used to define
the URL space. Figure 4.5 defines the pressures and area used in the
computations. The equations for the fluid forces (on the pipe) at the load
points are given in Table 4.1. Appendix B gives the derivation of tnese
simple equations,

The fluid pressure time history data was used together with the
equations in Table 4.1 to calculate the fluid torces on the pipe. The
channels of pressure data that were taken to correspond to Py, ,..., P7
are listed in Table 4.2. Plots of the calculated fluid forces on the pipe
are given in Figures 4.6 through 4.15. Table 4.3 gives the force
application pcint and direction for a given force number (i.e., force number
RF0006). Table 4.4 gives the minimve and maximum values of each of the

force components.,
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A /
LZ. b p.,A. = the pressure and area of section j.
1) respectively

~

ij = the tangent unit vector at sectioan )

FR = resultant force of the control
volume on the pipe

FIGURE 4.4: Arbitrarily Shaped Conirol Volume for Obtaining Pipe Segment Forces.

4-9



P,
1,

LP,
J

A,

FIGURE 4.5: Pressure and Area Definitions and Fluid
Force Application Locations

iy

pressure and area i, reso.ctively

load point j (point of application of fluid force)
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TABLE 4.1

DSP4 FLUL(D PORCES ON PIPE

Load
Point Fluid Force on Pipe at Load Point*
1 F, = (P,A, - P A sin 29 i+ P.A; cos 29°)
2 Fz = (P3A3 - PzAz)i
3 FB B PSAsi + PAAAJ
A F, = P,A, cos 60° 1 + P.A, sin 60° j + P6A6E
5 F, = - PoA, cos 15 i- P.A, sin 15 )
*Note: The unit vectors ;, 3. i correspond tu the Jocal coordinate

systems at the load points (see Figure 4.J).
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TABLE 4.3

LOCATION AND DIRECTION OF APPLIED FLUID FORCES

Load Location Direction

Force Point of Force of Force
_Number* (LP) (ANZO Node) (Local Coordinates)**

RF0001 5 11 X
RFU002 S 11 y
RF0003 5 11 z
RF0004 . 18 X
RF0005 4 18 y
RF0006 4 18 z
RF0007 3 37 x
RF0008 3 37 y
RF0009 3 37 z
RF0010 2 43 x
RFOO11 2 43 y
RF0012 2 43 z
RF0013 1 49 X
RF0014 1 49 y
RF0015 1 49 z

*This corresponds to the force headers of file #2.

"See Figure 4.16 for the definition of these directions.
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ij = load point j

FIGURE 4.16: Local Coordinate Directions for Applied Fluid Forces.
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TABLE 4.4

EXTREME VALUES OF FLUID FORCES

Force ANCO Fouvce Minimum/Maximum

Number Node Direction Value/lo3 N)
RF0001 11 X -292/460
RF0002 11 y -78/123
RF0004 18 X -238/151
RF0005 18 y -412/262
RF0006 18 : -524/400
RF0007 37 x -531/452
RF0008 37 y -567/475
RF0010 43 X -131/970
RF0013 49 X -’30 /1550
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5.0 STRUCTPRAL DYNAMIC SIMULATION OF URL BLOWDOWN EVENT (DSP3a)

The finite element model discussed in Section 3.0 and the fluid forces
presented in Section 4.0 were the basis for the response calculations
required for German Standard Problem %a (DSP4a). In performing the response
calculations, several items were of concern; they were: (1) damping to be
used; (2) the integration interval; and (3) nonlinezr versus linear
simulation methods.

No data was available on the damping of the portion of tlL. URL pipe
system involved in the DSP4a simulation. Damping data was available for the
remainder of the pipe system. It typically varied from 3.0 to €.0 percent
¢f eritical., It would be expected that the damping fcr the portion of the
URL system not involved in DSP4a would be higher than that for the pipe leg
of interest, This is because the leg of interest did not have any supports
(sway braces, upring hangers, etc.) connected to it, whereas, the remainder
of the :cystem did. (The pipe supports generally increased the losses in the
system.) For this ~eason it was decided to use damping values intermediate
to the extreme values o 3.0% and 6.0%. The damping was chosen to be
between 3.0% and 4.5% of critical. It should be noted that the transient
response solution for DSP4a is not extremely sensitive to damping changes
over a small damping domain (i.e., 3.0% to ".0%8). For this reasc:, choosing
intermedi:te damping values seems to be reascnable.

The structural equations of motion were integrated using a direct
integration scheme (Newmark method). The integration interval was chosen to
be equal to the discretization interval used for digitizing the DSP4 data
(At = 0.0007 second). With this time interval and using 16 time points per
cwele, it is possible to define a transient signal of up to 312.5 Hz. Tie
fluid pressure, for DSP4 type events, generally has its major frequency
content in the 50 Hz to 100 Hz range. Hence, the chosen integration
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(Problem with File Information for RK 2010)
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FIGURE 5.23
(RK 4111 not computed)




FIGURE 5.24
(RK 5011 not computed)
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FIGURE 5.26
(Problem with file information for RK 2012)
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FIGURE 5.32

(Problem with file information for RK 2013)
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TABLE 5.1

EXTREME VALUES OF STRUCTURAL RESPONSE
DISPLACEMENTS AND ACCELERATIONS

Respons« ANCO Response Min ' om/Maximum
Number Node Direction Value
RG2201 4 y -49/44 (mm)
RS2202 14 X -20/20 (mm)
R52203 14 2 -47/43 (um)
RS2204 22 y -87/67 (mm)
RS2205 .. &2 z -39/43 (mm)
RS229% | R b3 -50/41 (mm)
554004 43 z -18/21 (mm)
§S4005 43 X -1/2  (mm)
$54006 43 y -15/18 (mm)
S$54001 42 X -38/7 (g's)
$54002 42 y ~23/26 (g's)
5354903 42 z -19/18 (g's)
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6.0 COMPARISON OF STRUCTURAL RESPONSE TEST
DATA AND ANCO SIMULATION RESULTS

A brief comparison is made, herein, between some of the test data and
the resuits of the simulation performed by ANCO Engineers, Inc. The
quantities that have been compared are: (1) eigenvalues of the pipe system
and; (2) maximum and minimum displacements of the pipe during the dynamic
even’, The test data was taken from the report "Ergebnisbericht, Blowndown-
Versuch NR. V60.4.1, am 5.12.80, Versuchsgruppe SRV 350," Februar 1981,

Kernforschungszentrum Karlsruhe, Projeckt HDR.

The experimentally determined and predicted eigenfrequencies are given
in Table 6.1. There was a problem in comparing the two sets of values.
Only two experimental frequencies were given below 25 Hz, whereas, there
were three predicted frequencies. This difference was partially resolved
through the following discussion. There is a large relative difference
between the third and fourth theoretical eigenfrequencies. There is also a
large difference between the second and fourth experimental eigenfrequencies
(as defined in Table 6.1). Because of this, together with the fact that the
values of the frequencies (experimental and predicted), as given for the
fourth and fifth modes, are close to each other, it is believed that the
experi zental frequencies given in Table 6.1 for the fourth and fifth modes

probably correspond to the fourth and fifth theoretical irequencies.

In comparing the eigenfrequencies below 2° Hz, there are essentially
two possibilities. First, that there ¢xist only two experimental
frequencies below 25 Hz; or second, that there ex.st more experimental
frequencies below 25 Hz, one of which was not detected during data analysis.
Regardless of what the situation is, it is most logical that the first
experimental frequency corresponds to the first theoretical frequency. If
it did not, the first experimental frequency would correspond to the second
theoretical frequency giving the theoretical frequency a relative error of
73 percent. With good agreement between theory and experiment for the

fourth and fifth eigenfrequencies, and with the physical system being






essentially linear for non-plastic deformation and henc: being very amenable
to modeling as a linear system, an ertor of 73 percent for the second
frequency is improbable. Overall, there seems to be excellent agreement

between the two sets of eigenfrequencies.

The maximum and minimum displacements the pipe experienced during the
dynamic test (DSP4) are compared to the predicted results in Table 6.2.
There is a substantial difference between experiment and theory. Some of
the large difference occurs where the disp'acement is small (i.e., 5854005)
and, hence, does not have a great deal of meaning. Some of the large
difference occurs where the displacement is large (i.e., RS2204). This
difference is of concern. Some of the small to moderate differemces occur
where the displacements range from being small to large. Overall, the
comparison of theory to experiment seems to be fair, with the predicted

values bounding the experimental values.



Transducer

R882202
R82201

RS2203

RS2206

R52204

854005
5514[}0 i&

554006

TABLE 6.2

COMPARISON OF MAXIMUM AND MINIMUM DPISPLACEMENTS

Minigun/Maximus Value (mm)
Experimental Predicted
-7/9 -20/20
-35/37 ~49/ 44
-22/18 ~47/43
= & =50/41
~52/62 -87/67
(-30/30)* -39/43
~7/8 -1/2
-23/27 -18/21
-13/17 -15/18

*Mote: Displacement transducer may have

6-4

Relative
Difference (%)
186/122
40/19

114/139

wje
67/8

30/43

85/75
22/22

15/6

been damaged during the test.



7.0 COMMENTS

Even though the DSP4a taeoretical simulation was to have been as close
to reality as possible it was necessars to make certain simplifying
assumptions due to reasonable resource constraints and limite¢ fluid dynamic
response data from DSP4, Following is a list of these assumptions:

Structural Assumptions
@ A linear structural simulation would give meaningful results,
e Each end of the pipe line was fixed.

e The pipe could be represented with pipe elements (essentially
straight and curved beam elements); no ovaling of the pipe elbows
would occur to any significant degree.

e The damping effects coulc be represented with proportional damping
and the damping was between 3.0% and 4.5% of nritical.

e The fluid-structure problem could be decoupled and still giva
reasonably correct results.

Fluid Assumptiions

® The discretization of the spuce inside the URL pipe into the six
defined control volumes (Figure 4.2) was fine enough to generate a
satisfactory loac distribution on the pipe.

. The net rate of momentum efflux from a control volume and the rate
of changa of momeatum within a control volume can be neglected as
compared tc the fluid pressure surface force of the volume,

e Body forces are negligible.

e Choosing the g-ometric center of a control volume as the center of
pressure will not seriously affect the results,

¢ VMo significant concentrated moments on the pipe would be generated
by the control volumes.

The structural dynamic simulation was performed using the above
assumptions, The response information required by DSP4a was generated. As
far as can be determined by inspection of the simulation results, it appears
that there are no serious problems with the solution approach or the
solution,

7-1
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APPENDIX A
URL BLOWDCWN FINITE ELEMENT ODEL

(EASE2 Input Listing)

Following is a listing of the data which defines the EASE2 model of

the URL blowdown pipe system.



£~V

ERSEZ

AASTER CONTROL PARAMETERS

HOR 7 UL BLOWODWN MODEL

MASTER ECHD PRINT CONTROL
EQ, %, SUPPKESS ECHU PRINT IN ALL
DATA SECTIONS

SOLUTION MODE CONTROL

EQ. 1y STATIC SOLUTION

EQ. 24 EIGENVALUE SOLULUTION ONLY

ESe 3y TIME-HISTORY ANALYSIS USING
MODE SUPERPOSITION

EQe 4y TIME HISTORY ANALYSIS USING
DIRECT INTEGRATION

Ede 99 RESPUNSE SPETCTRUM ANALYSIS

STIFFNESS “ATRIX RESTART CONTROL
EQ. ly PROGRAM EXPECTS TO READ THE
DECOMP0SED STIFFNESS MATRIX
FRG% DISK FILE TAPEL2

EIGENVALUES/EIGENVECTORS RESTART CONTROL
EGa Lo PIIGAAM EXPECTS TO READ
EIGINVALUES AND EIGENVECTORS
FRUM DI5K FILE TAPEL3

NJIDE ReScGUENCING CONTROL

€3¢ Jy INTERNAL NUDE NUMBERS ASSIGONZD
1IN ASCENDING NODE UROER

£3. 1 INTERNAL NODE NUMBERS ASSIONeD
SEQUENTIALLY AS RODES ARE
ENCOIUNTERED DURING INPUT

cQ, 2y INTERINAL NODE NUMBERS ASSIGNEU
TD PRGOUCE A REDUCED BANDLIDTH
USINC oCPS®  ALGORITHA

BLANK s DEFAULT SET TO 2

AAXIMUN CUSE FOR EASE2 EXECUTION
aLANLy DEFAULLT SZT TC 2503500
LTe 1J200C2, AESETY TO 1000093

IR )
- 4)
- o)
= o)
= | 2}
= (250000}

SPS (cc L5
IM0DE (CC 15-20)
IRSTRL (CC %)
IRSTR2 (CC &5
1BAND (CC 25-30)
1S0RE (CC 35-402
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FORCE
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LOAD Case 4

NOOE SPEC
NUMBER SYST

37 5

R ATED FORLCES (L0A0 CASE 4

URL BLOWOOWN MODEL PAGE 15
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APPENDIX B

PRESSURE WAVE FLUID FORCES ON URL PIPE

The approach used to determine the fluid forces on the URL pipe was to
assume the value of the momentum terms in the linear momentum equation, from
fluid mechanics (control volume formulation), to be small compared to the
surface force tems. For this reason, the momentum terms, together with the
body force term, were neglected for this analysis. The resulting equaiion
to be solved for the fluid force on the pipe 'F'R is 'l?s = 0. The solution is
obtained simply as follows (see Figure B.1):

F_ = -F opAi-pAf =0 (sum of the surface forces
o R K T on the C.S.)

Fr = Pif1d) - PRyl (B-1)
where ?ﬂ is the resultant force of a control volume on its corresponding

section of pipe. This equation is applied, as follows, to tre control
volumes defined for this solution approach.
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FIGURE B.1: Pipe Force on Contrcl Volume.
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LOCAL COCRDINATE DIRECTIONS FOR APPLIED FLUID FORCES
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APPENDIX C

PROCESSING OF OUTPUT FROM EASE2 AND
COMPUTATION OF ADDITIONAL STRESSES

The computer code PWSTRS was written to apply coordinate transformations
to the displacement aud acceleration output from EASE2, compute additional
stress components, change to desired units (i.e., displacements were to have
units ot mm), and format solution resui:is in DOSYS format. A 'i-ting of
this code is given in this appendix.
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o R aRalal ol

oo

QUANTITY

KEY LJEQ.1.2 « NODE NUMBER
KEY  LEQ.339:%:047 o ELEMENT NUMIER
SIINLEQ. M ACS. ACS NUMBER

S READIE2HISTIKEY  NOSoITPHMAXCOL,

102

303

5

30

52

308

L
.
.

ESA0L 0 SLE20ddpdml o MAXCOLY
(5200500452024 3)0d L oMAXCOL)
(530 JVsLIRNGJ N eJdelomaxCOL)
IFLEDFIEZHIST) H10G0,480
CONT INUE
WRITELO,D02) KEY NOS,LTPH
FORIMATELN,ZOMINFO, FROM HEADER RECORD,//»
NG 2OMCATECGORY NOLIKEY) = 41547
I, IZHOUTPUT SEY NO. IN KEY-TH CAT, = 154/,
X LAHOUTPUT INTERVAL = 415,7)
WRITELS,303) SHLLILIANILY
FORMATISN L AS, 154/
L= LIRNLL)
®0 BRANCHING,DEPENDENT UPON TYPt OF DATA
IFIREY.EQ.L) GOTO 51
IFIREY.EQ.2) GOTU 5)
IFIKEY EQ.2) COTO 52
®® READ AND SET UP NODE DATA FOR QUTPUTIDISPL.S AND ACCEL.S)
CONTINUE
IFlL.eQ. 5~ VIND=]
IFtL.e2.." IND=2
IFIL.ED.n2)IND=])
IFIL.EQ.4D)IND=)
(IND REFEXRS TO THE INTEANAL NODE NUMBERS FOR QUTPUT OF NODE
DATAIKEY=1).)
WRITELS,304) LyiIND
FORMATELX, I2HINFL, FROM COMP, SEQ.INDDE DATAN4//,
NG 20HE X TERNAL NODE NO. = 41547,
IXL20HINERNAL NODE NO. = 4 15,77)
GOoT0n 10
®% REAT AND SET UP PIPE DATA FOR OQUTPUTISTRESSES)
CONTINUe
IFILLES.LVIND=L
TFILLED.7)IND=2
TFIL.EQ. 151 IND~)
IFIL.EQ.LT)IND=S
IFILLET. 21 1IND=S
(IND REFERRS TO THE INTERNAL NODE NUMBERS FOR OQUTPUT OF PIPE
JATALKEY=T)a)
WRITELS,309) LaiND
FORMATILX, I2HINFO,. FROM COMP, SEQ.IPIPE DATAN /7,
AL 20HEXTERNAL PIPE NO, = 4154/,
A ZOMINTERNAL NODE NO. = 4154/ /)
GOT0 10
®® READ AND SET UP FORCE DATA FOR OQUTPUT (FORCES)
CONTINUE
IFILLEQ.LLVIND =L
TFIL.ET.18)IND=2
1FIL.e0.37)IND=)
IFIL.EQ.4))IND =4
TFIL.EQ. 490 IND=S
CIND AEFERRS TO THE INTERNAL NGDE NUMBERS FOR QuTPUT OF FORCE
OATAIREY=Z2).)
“RLTELA,3056) LyIND
FORMATILXLIININFD, FROM CONP, SEQ.IFORCE DATAN.//
GN L 20MEXTERNAL NODE NO. = o194/
FRL20MINTERNAL NODE O, = 15,770



D

O OO OO OO nn

DEFINITION OF INTERNAL NODE WUMNBERSIND) t27iy/81)
IND REFERRS TO A NUMBERING SYSTEM WITHIN THIS CODE T4av
COINESPONDS TO AN EXTERNALIPHYSICAL) NUMBERING SYSTES OF
NOOE AND ELEMENT NUNBERS.

ELTIRANALY NODE DATA
SO0E CORRESPOND ING
NUMBER N0 RESPONSE QUANT,

15 1 DISPLIX.AN YON ROB-STUTZEN)
22 2 DISPLET.TA YOR ROB-STUTZEN)
a2 i ACCELLAY VENTIL)Y

“ 3 DISPLLAM VENTIL)
EXTEAINALS ELEMENT DATA
ELEMENT CORRESPOND ING
NURBER N0 RESPONSE QUANT,

1 1 TIESS(MESSERENE A)
? 2 STRESSIMESSERENE C1)
15 3 STRESSIMESSEIENE M1
17 . STRESSIMESSEBENE E)
21 s STRESSIMESSERENE F)
EXTERNALY FORCE DATA
NODE CORRESPONDING
NUMBER in0 RESPONSE QUANT,

i i FORCE

11 2 FORCE

3 3 FORCE

43 - FORCE

.5 s FORCE

® NOTE~ THESE ARE THE EASEZ NODE AND ELEMENT NUNBERS(FES 81)
EZNIST D A T &

VARIABLES

Ting * TINE AT wHICH WISTORY RESULTS ARE SAVZ. ON THE
E2NIST FILE

Xt ® VALUE OF THE J-Tw REQUEST QUANTITY AT SJLUTIOY

TINE - TiImE-,

® SET I = 1 UINTEGER TIME = L). THIS IS FOR LOOP FROY SIATMENT 12 10 20.
=1

DO 20 1LOOP=1,1DT

IFIRODIT, 0 TPH) .NE,.0) COTQ 20
READIE2MIST) TIMELIXTIJ)odmlymAXCOL)
TFLISKIP.EQ.1) COTO &0

®6 GENFRATE AARAY OF SOLUTION TINMES
TTIMELT) = TIME

MRITEATTAPE) TTIMELL)

CoNTinuE

®® BRANCHING DEPENDENT UPON TYPE OF DaATA
IF(REY.EQ.L1) COTO 55

IFIREY EC.2) COTO 57

IFIeCeY.eQ.7) SOTD Se

®¢ NUDE DATA FOR QuTPuT

CONT INnUE

IFIL.EQ.42) GOTO 70

® DISPLACEMENT ODATAL IN THE FOLLOWING O = TO®XI , 44ERE O ARE THE LOZAL
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-2

aon

XOUTTEsLN) = SBENLLLT)
AOUTLIGLIS) = ALPHALLLL)
XKOUTEIwi6) = STORCL.ID
XWuTilel?) = 0.0
X0UTLI.l8) » 0,0
XOUTER 4190 = STENI2,41)
XOUTIL4200 = SBRENE2. 1)
XOUTEI420) = ALPHALZ, 1)
XQUTLTI422) = STORIZW1)
XOUTtI«23) = 0.0
XDUT(Ie24) = 2.0

XOUT (14251 = STENID D)
XOUTLI.26) = SBENLDI)
XOUTHEE27) = ALPHALD, 1)
XOUTEL428) = STORI3, 1)
KOUTEL429) = SPT(D, 1)
XOUTLE30) = S¥YI3. 1)
XOUTEE 300 = STENLG, 1)
XOUTLL,32) = SBENLALLY
XOUTEE o330 = ALPHALS D)
XOUTELo34) = STORLSLT)
XOUTEL435) = SPTLs, D)
XOUTLL438) = SYia D)
XKOUTELI437) = STENIS.I)
XOUT(1,38) = SBENIS.I)
XOUTLL39) = ALPHALSI)
XQUTLL,40) = STORIS, 1)
XOUTEEa1) = SPTIS. 1)

XOUTEL42) = SVYIS. 1)
CALL DOSYSHITTIME TIASTP  NTRAN Lo XOUT o424 ICHAN, [ @M, IDATE.L?
500 CONTINVE

® CENERATE DATA FOR FILE2 (DOSYS FORMAT)

REWIND 10
NIAN = 1S
ICHAN = 31
CALL DOSYSWITTIME  TINSTP NTRAN,TOT s XOUT 42 2 ICHAN, IN4,I0ATE,D)
® SET & = | FOR WIPUT OF FORCES.
i =1
DO 595 ILOOP=l,iDT
READITTAPE) TTIMELL)
00 530 IND=1,5
FTAPE = 24 + IND
S30 READIFTAPEY FXLIND L) oFYLIMODLL)FRLIND,L)
TYIMELL) = TTIMELL) ~ 0.0980

XOUTELe A0 = FXILol)
XOUT(Ls 2) = FYLLLID
XOUTLEs 3 = FLLLLDD
XQUTIEs A) = FXI2.1)
AOUTEL, S) = FYIZ2. 1)
XOUTEL. &) = FIL241)
XOUTILy 70 = FXID, 1)
XOUTULy A1 = FYL3.0)
KOUTIL, 9) ~ FIt) 1)
KOUTITLL0) = FXingl)
XOUTEIoLL) = FY(AL1)
XOUTLEL12) = FIta,l)
XOUTIEWLI) = FXIS,1)
XOUTTLol%) = FYIS, 1)

XOUTLLW1%) = FRIS.W D)
CALL DOSYSWITTIME,TINSTP  NTRANGLXOUT 42, 1CHAN, IWH, IDATE.L)
J9%  CONTiInue
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£1-0

T T T T TS
C
SUIROUTINE DOSYSHISTRIIM TINSTP NTRAN NPTS yTOATARACTRN, ICHAY,
. IWHERE, IDATE, IFLAG)

c
B L A e T T T T T I TR T T T Y

PURPOSE THIS ROUTINE 15 USED TO OUTPUT DATA TD J0SYS FORMAT
TAPES,

NOJE THE FORMAT STATEMENTS IN THIS ROUTINE ARE SPECIFIC TO
THE NSF PROJECT 1182.08.

INPUTS STRTIA STARY TINE OF THE DATA

TIiMSTP DELTA TIME FOR EACH STEP

NTRAN NUMBER OF TRANSODUCERSICHANNELS OF DATA)

NPTS NUMBER OF TIME POINTS

TOATA TRANSODUCER Data

MAXTRN MAXIMUN TRANSOUCERS, USED IN DIMENSIINING TDATA

ICHAN  CHANNEL NUNBER OF DOSYS TAPE

IWHERE INDICATES wHICH SETS OF TOATA ARE USZD AS wHiICH
TRANSDUCERS. & O INDICATES THAT ZERD:S AE 1O
SE OUTPUT FOR THAT CHANNEL .

IDATE INTEGER DATE(I.E, FEB 33,1681 = 81020+

IFLAG LF.LT.0 OUTPUT MHEADER AND DATA
IF.EQ./ DUTPUT HEADER ONLY
IF.6CT./ DUTPUT DATA ONLY

QUTPUTS ALL OUTPUT IS TO TME DOSYS TAPE OR THE LISTIVG FILELS).
R L T T T

L) CATE B8y REASON
1.0 /81 LIS DRIGINAL

R e T T Y
DIMENSION TOATAINPTS MAXTRN) o IWHERE INTRAN) ,OUTDAT (256}

CHECKX FDR WHETHER TO OUTPUT HEADER OF NOT

OO0 Ao OoOOoOOfoONNACOOOaNNONANONAnONN

IFLIFLAG) $50,%0,210
50 CONTINUE

ARITE OUT HEADER

onon

WRITE'ICHAN, S000) IDATE.iDATESNTRANJNATS
IFINTRAN.NE.42) GOTO L00

IF 42 CHANNELS, MUST BE THE TRANSDUCER INFORRATION

(B}

CRITELTICHAN,S001)
ARITELICHAN91OL)
ARITELICHAN,S201)
WRITECICHAN,SIO)
AATTELICHAN,940 )
WRITETLICHAN,9501L)
ARITELICHAN,9B0 L)
GOTD 200

IF OTHER THAN 42, MUST BE FORCES.

laBalal

100 CONTINUE
NeNTRAN



?1-2

onn

aRalal

120

s

200

2%

400

9000
9001

Q101

L N B T

N

9201
.

IFINLCT.9) Ned

00 120 [=l.N
ARITE(ICHANL9002) |

CONT INUE

IFINTRAK,.: 7,100 GOTO 200

N o« NIRAN

IFINLCT.99) N = 99

DO 130 i = 104N
WRITE(CICHAN,900)) 1

CONTINVE

17 INTRANLLTLL100) GO TO 200

00 180 [ = L00,NTRAN
WRITELICHAN,9004) |

CoNnTINvE

CONT INUE

IFLIFLAG.EQ.0) RETURN

QUTPUT DATA POINTS

CONTINVE
TINE = STRTIAN
D0 %00 | = L.NPTS
00 300 4 = LuNTRAN
IF(IMMEREIJILEQ.O) COTO 2%0
OUTDAT(J) = TOATALIWHERELJ)SI)
coTo 300
CONT INUE
OUTOATIJE = 0.0
CONTIvUE
WRITECTICHANL D005 )  TIME, (QUTDATEJ) s el NTRAN)
CONTINUE
RETURN

FoRmaTs

FORMATIAG/GHEV I000, /SHYBO0. 43 /AHCANC o /00647
LINSPAAHORSRYISOZ /421 2212111571%)
FORMAT( LOMRSZ201 MM 19Xy 3HLO2410% 461003400,/

I1THAEG IN Y=RICHTUNG,/
LOMRS2202 MY 19X, IMLOZ2 410X 461003400,/
LIHGEGC IN X=RICHTUNG,/
LOMRS2203 MR, 19X, IALO24 10X, 610034004/
LTHAEG IN I-RICHTUNG,/
LOMRS2206 AR 19X, INL024 10X, 6H003400,/
LTHMEG IN Y=RICHTUNG,/
LOMRS2205 M9 19X IHLO02,10X,6H003400,/
LIMWEG IN Z-RICHTUNG,/
IOMRS2206 M, 19K INLO2,10X 46003400,/
17 4EG IN X=RICHTUNG)
FORMATE . A554006 AN 19X, 3HARS, 10X 4010000004/
LTHEEG [N Z-RICHMTUNG,/
LOMSSA00S MM 19X, IHARS, LOX 61000000,/
LIWMEG IN X-RICHTUNG,/
LOMSSH008 MM LXK, IHARS 10X, 61000000,/
LTHEEG IN Y-RICHTUNG,/
LOHSS4001 & 219X IHARS L 10K s0H =250,/
IBHBESCHLEUNIGUNG IN X~RICHTUNG ./
LOMSS4002 € 19X, JHARS 10X 6  =2504/
COHBESCHLEUNIGUNG IN Y-RICHTUNG ./
1OMSS400Y C s 19K, IHARS 10X 61 =250,/
ZBNBESCHLEUNIGUNG IN ZT-RICATUNG)
FORMATL LIMRRLO010 N/MM2,7
LIMZUGS PANNUNG, /



st-0

9401

9501

9801

9002
900)
9004
9005

LR N L B B B B LR B B B L R A )

L

LINRK2010 wN/AM2,/
LIHBIECESPANNUNG, /
LZNRK2210 GRAD 7/
ZIMMINKEL DEN BIECEACHSE/
LINRKIOID N/RM2,./
LEHTORS IONSSPANNUNG ./
LINRKALIO N/IMN2,/
ISHTANGENTIALSPANNUNG DURCH INNENDRUCK,/
LIHRAKSOL0 N/AM2,/
ISHVERGLEICHSSPANNUNG)
FORRATE LIMRKIOLL N/mN2,./
LINZUGS PANNUNG . /
AINRK20LL  N/MM2 ./
LIMBIEGESPANNUNG,/
LZMRK241L  GRAD o/
2IMMINKEL DER BIEGEACHSE,/
LINRKI0IL N/MM2 7
LOMTURS TONSSPANNUNG ./
LINRKA LAY N/MM2,/
ISHTANGENTIALSPANNUNG DURCH INNENDRUCK,/
LIHAKSQLL N/MN2./
IAHVERGLETCHS SPANNUNG )
FORMATE L1IMRXI012 N/NN2,./
LIMZUGSPANNUNG /
LINRKZ0LZ  N/MM2,/
LINBIEGESPANNUNG,/
LZMRAK2212 GRAD /7
ZIMWINKEL DER BIECEACHSE,/
LINAKIOLZ NIWM2,./
LonTORS IONSSPANNUNG o/
IINRKA L2 N/NN2y/
ISHTANGENTLALSPANNUNG DURCH INNENDRUCK,/
13MAKS012 NImm2 ./
LAANVERGLELCHSSPANNUNG)
FORMATE L1IMRK1013 N/wm2,7
LINIUGSPANNUNG, /
LINRK2013 N/wm2 ./
LINBIEGESPANNUNG ./
LINRK221Y N/mm2,/
ZINNINKEL DER BIEGEACHSE./
LIARKIOLY N/AN2Z/
LOMTORS LUNSSPANNUNG, /
LINIKALLT N/AM2,./
ISHTANGENTTALSPANNUNG DURCH INNENDRUCK,/
LINRKSOLY N/AM2,/
LAMVERGLEICHSSPANNUNG)
FORMATIE LIMAKLIOLS N/NM2 ./
LINZUGSPANNUNG /7
1INRK2018 N/mR2,/
LINBIECESPANNUNG,/
TAIMRKZ 2N N/MM2
2IMWINKEL DER BIEGEACHSE,/
LIHAKIOLS N/MM2,/
LoMTORS TONSSPANNUNG, /
IIHRKA Ll N/AM2,/
ISHTANGENTIALSPANNUNG DURCH INNENDRUCK,/
LINRKSOLS N/NM2,/
IAMVERGLE TCHSSPANNUNGS
FORNATL SHRFOO0Tio 3 Nl IMLOZ24Ll0XsBM uuuc.n/)
FORMATL AHRFOO, T2 NelOX IHLOZ2 310X ebHe v ausarn/)
FORMATE IHAFOs  1303M  Nyl9X o 3MLO2, 10X ebMausunnn/)
FORMATIBELZ.548X)
END
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